Background: Urinary proteins are predictive and prognostic markers for diabetes nephropathy. Conventional methods for the quantification of urinary proteins, however, are time-consuming, and most require radioactive labeling. We designed a label-free piezoelectric quartz crystal microbalance (QCM) immunosensor array to simultaneously quantify 4 urinary proteins. Methods: We constructed a 2 ؋ 5 model piezoelectric immunosensor array fabricated with disposable quartz crystals for quantification of microalbumin, ␣ 1 -microglobulin, ␤ 2 -microglobulin, and IgG in urine. We made calibration curves after immobilization of antibodies at an optimal concentration and then evaluated the performance characteristics of the immunosensor with a series of tests. In addition, we measured 124 urine samples with both QCM immunosensor array and immunonephelometry to assess the correlation between the 2 methods. Results: With the QCM immunosensor array, we were able to quantify 4 urinary proteins within 15 min. This method had an analytical interval of 0.01-60 mg/L. The intraassay and interassay imprecisions (CVs) were <10%, and the relative recovery rates were 90.3%-109.1%. Nonspecificity of the immunosensor was insignificant (frequency shifts <20 Hz). ROC analyses indicated sensitivities were >95.8% and, specificities were
RIA and fluorescence-based immunoassays are conventional approaches to quantification of urinary proteins. Although RIA has many advantages, such as high sensitivity and low cost, the radioactive-labeled material requires special disposal and has stability problems. Fluorescence-based immunoassays also have high sensitivity and have been applied to many platforms (10, 11 ) , but their manipulation procedures are relatively time-consuming and require detection of labeled molecules. Sodium dodecyl sulfate electrophoresis is a useful method, but it has a lower limit of quantification that is inadequate for clinical specimen analysis (12 ) . HPLC cannot absolutely differentiate albumin from other urinary proteins if it is not combined with special detection strategies (13 ) . Immunonephelometry (INM), a newer technique with full automation that has became the major method for protein quantification, requires sophisticated facilities and rigidly matched reagents and offers suboptimal precision, all of which limit its clinical applications (14 ) . Thus a fast, sensitive, label-free, and easy-to-manipulate technique for urinary protein quantification is needed for clinical use.
Piezoelectric quartz crystal microbalance (QCM) immunosensors, because of the inherent specificity of antigen-antibody combinations and high sensitivities of physical transducers, have promising applications to clinical chemistry (15) (16) (17) . We have set up a QCM biosensor platform and successfully quantified human chorionic gonadotropin (18 ) and hepatitis B virus (19 ) . The formula for the QCM mass-frequency effect was first reported by Sauerbrey (20 ) and later extensively investigated by others (21, 22 ) : ⌬F ϭ Ϫ2.26 ϫ 10 6 F 2 ⌬m/A , where ⌬F is the measured frequency shift (FS) (Hz) of the coated crystal, F is the basic resonance frequency (MHz) of the crystal, A is the area coated, and ⌬m is the mass deposited.
We constructed and evaluated a rapid, multiplex, label-free immunosensor array for simultaneous and accurate quantification of 4 urinary proteins.
Materials and Methods samples
All urine samples were collected from the Southwest Hospital (China) between 2004 and 2005. There were 124 urine samples in this study; 48 were from patients with continuous microproteinuria or macroproteinuria and 76 from healthy individuals with normal urinary protein concentrations. All participants gave signed informed consent and the study was approved by the Ethics Boards of the Third Military Medical University. For all study participants, 24-h urine specimens were collected after the bladder was emptied. Each 24-h collected sample was treated with a protease inhibitor cocktail (set III, Calbiochem) and then, to minimize possible proteolytic degradation of B2M, the pH was adjusted to 7.0 with HCl or NaOH. We then extracted 4-mL aliquots from each collected sample and stored these at Ϫ70°C, with no freezethaw cycles before the protein assay. Each aliquot was further divided into 2 equal portions before detection. One portion was analyzed with INM (reference method) and the other with QCM immunosensor (proposed method).
reagents
Staphylococcal protein A (SPA) and monoclonal antibodies against MA, A1M, and B2M were purchased from Sigma-Aldrich. Anti-IgG was purchased from Beckman Coulter. A1M and B2M were obtained from the RIA test reagent set from the Research Institute of Atomic Energy. MA was prepared by diluting the MA powder (SigmaAldrich) with doubly distilled water. We prepared phosphate-buffered saline (PBS; 6.4 mmol/L Na 2 HPO 4 , 0.9 mmol/L KH 2 PO 4 , 137 mmol/L NaCl, 2.7 mmol/L KCl, pH 7.2), and used a blank urine solution containing none of the 4 proteins as negative control. High concentrations of urine quality control reagent (IMMAGE, Beckman) were used as the positive control. Bovine serum albumin (Sigma-Aldrich) was used as the blocking reagent. Other chemicals used were of analytical reagent grade, and doubly distilled water was used throughout.
equipments and apparatus
The piezoelectric crystals (the 26th Research Institute, Chinese Electronic Scientific and Technical Group Company) were 13 ϫ 13 mm 2 squares, 0.15 mm thick, AT-cut 10-MHz quartz crystals covered with gold electrodes (4 mm in diameter). The detector (PESA-3000; Fig. 1 ) integrated with logic circuit, thermal controller system, a voltage stabilizer, and 2 ϫ 5 detection wells (selfdesigned), was made by the Jialing Group of China. A personal computer with the self-developed software BIDE (version 2.11) was connected with the detector to monitor the FS and calculate the protein concentrations of the samples. INM was performed with IMMAGE (Beckman) according to the manufacturer's protocols.
assembling 2 ϫ 5 detection wells
The appearance of the 2 ϫ 5 detection wells is shown in Fig. 1B . The detection wells were aligned in 2 rows of 5 wells each. All 10 detection wells were designed with the same structure, and each of them was driven by an independent logic circuit so that they worked independently, without mutual interference. The 4 urinary proteins were aligned on the left four wells of each row. At the same time, negative and positive controls were assayed in the other 2 wells individually to avoid falsenegative and false-positive results.
immobilization of antibodies
First, the quartz crystals were cleaned mechanically with an abrasive cleaner. After rinsing, the crystals were soaked in 1 mol/L NaOH and 1 mol/L HCl for 10 min each. Then the crystals were washed with distilled water and 95% ethanol and dried with a stream of nitrogen gas. Subsequently, 10 L of SPA solution (5 g/L) in PBS (pH 7.2) was dispersed uniformly on the gold. After overnight incubation, the crystals were rinsed 3 times with distilled water to remove excessive SPA. Then, 5 L of antibody solution was added, and the crystals were incubated with bovine serum albumin (pH ϭ 7.2) for 1 h at 25°C to block unoccupied residues.
analysis procedures
Detection wells were assembled with 10 disposable crystals, and the system temperature was set at 37°C before 90 L of 0.05 mol/L PBS (pH 7.2) was dripped into each reaction well. The resonance frequency of the crystal was recorded until a steady baseline was obtained (F 0 ) in 4 min during incubation. After 10 L of protein solution was added, the resonance frequency dropped down gradually and tended to become stable in 10 min, and this stable frequency was read as F 1 . The whole detection procedure was monitored, and the real-time frequency fluctuation was recorded and displayed via the software. FSs (FS ϭ F 1 Ϫ F 0 ) of each protein were detected, and the final FSs (⌬F) ⌬F ϭ FS 1 Ϫ FS n ) were calculated by reading the difference between FS 1 (sample) and FS n (negative control). The whole detection procedure completed automatically, and the final results were given out by the software in 15 min (Fig. 2B ).
materials and methodology comparison and clinical sample detection
First, we generated the calibration curves by plotting FS against various protein concentrations, and the linearities were determined by serially diluting the stock protein solutions. After the analysis procedures, the operational characteristics, including imprecision, accuracy, specificity, analytical sensitivity, and detection limit, were evaluated. Then, the clinical samples were quantified individually with the QCM immunosensor array and INM (Beckman). Results were analyzed with ROC curves for the sensitivity, specificity, and ROC area under the curve (AUC). Bland-Altman analyses were performed to evaluate the residuals plots of the proposed method and reference method. The calibration curves were visualized with Origin (version 7.5). Analyses of the differences between the control group and patient group were carried out by SPSS, version 13. ROC analyses and Bland-Altman analyses were performed with MedCalc, version 8.1 (http://www.medcalc.be).
Results and Discussion optimization of immobilized antibody concentrations
Methods for immobilizing proteins on gold film, which have been investigated for years, include the SPA method (15, 23 ) , the avidin and biotin method (24, 25 ) , and the self-assembled monolayers method (26, 27 ) . The SPA method was adopted in the present experiment because it can create more reproducible and stable immobilization layers with less added mass for IgG coating (28 ) . Surface density of immobilized antibody is also an important factor for accurate quantification because a low antibody surface density leads to a lower upper limit of detection, whereas redundant antibodies will induce inhomogeneous orientation of the antibodies, which significantly increases steric hindrance on biomolecular interactions (29 ) . Thus, the immobilized antibody concentration must be optimized to obtain high coating efficiency, wide dynamic range, and minimized detection cost.
The FS increases with antibody concentrations of 1-4 g/L (B2M) or 5 g/L (MA, A1M, and IgG) are shown in Fig. 2 . FS then reached a plateau and varied little, although the antibody concentration continued to increase. With antibody concentration increases Ն8 g/L, the FS appeared to decrease instead of increasing with the buildup of antibody. The exact reason for this observation is unclear, but taken together with data from a similar setting (29 ) , our findings suggest that at low antibody concentrations the epitopes of the SPA are presented in such a way that the binding pockets of the antibodies can approach them without having to overcome any steric hindrance. With high antibody concentrations with dense packing of the antibodies, the binding pocket of the antibody is sterically repelled by neighboring antibodies when it approaches 1 epitope, a situation that leads to a decrease of FS toward areas of increasing antibody concentrations. Considering immobilization efficiency, detection range, and detection cost, we selected 4 mg/L of B2M and 5 mg/L of A1M, MA, and IgG as the optimal immobilization concentrations in later experiments. Each protein antigen (10 mg/L) was added to 5 detection wells in a row of the immunosensor array for cross-reaction, and this procedure was repeated 4 times with different proteins.
a No antibodies were immobilized in the negative control detection well.
calibration curves and linearity
Calibration curves showed direct proportionality up to 40, 30, 5, and 60 mg/L on MA, A1M, B2M, and IgG, individually and respectively (Fig. 3) . The regression equations (see Table 1 Table 2 in the online Data Supplement).
The intraassay CV showed a very low SD (mean CV ϭ 5.07%), and the interassay CV had a slightly higher SD (CV ϭ 6.06%), but they were both acceptable for clinical immunoassays (CV Ͻ10%) (30 ) . For the recovery study, carried out to evaluate the accuracy of the QCM immunosensor array, all of the recovery rates were within the interval of 90%-110% (see Table 3 in the online Data Supplement). Moreover, the SDs of recovery, including low, medium, and high concentrations of each protein, were sufficiently low (Ͻ8) to validate the satisfactory accuracy of the immunosensor array.
specificities of the immunosensor array Cross-reaction tests were carried out by adding 10 L of each protein calibrator (10 mg/L) to all 5 detection wells. Results showed mean nonspecific FS values of ϳ12 Hz (interval, 10.2-15.8 Hz) (see Table 4 in the online Data Supplement), which were significantly lower than the FS induced by a specific antibody-antigen reaction (Ͼ220 Hz on 10 mg/L protein in Fig. 4 ; P Ͻ0.001). These results indicate that this QCM system has relatively low crossreactivity and acceptably high specificity.
analytical sensitivities and detection limits
The limit of detection (signal-to-noise ratio, Ͼ3) was measured on 20 consecutive aqueous dilutions of the negative control. The limit of quantification was determined by serially diluting stock solutions with PBS (pH ϭ 7.2). The dilutions were measured with 5 replicates, and the last diluted concentration that had a CV Ͻ10% between replicates was considered the limit of quantification (10 ) . For MA, A1M, B2M, and IgG, the minimum detectable concentrations were 4 g/L, 2 g/L, 3 g/L, and 12 g/L, respectively. In addition, the limits of quantification in a urine matrix were 8 g/L (CV ϭ 6%), 6 g/L (CV ϭ 8%), 4 g/L (CV ϭ 7%), and 27 g/L (CV ϭ 9%), respectively. These quantification limits of the immunosensor array are comparable to those of RIA (31 ) .
reference intervals
The ROC curves for 48 patients and 76 control samples are shown in Fig. 4B . The upper reference limit for MA was defined as 18.6 mg/L (97.9% of sensitivity and 82.9% of specificity), and for A1M, B2M, and IgG, upper reference limits were 15.7 mg/L (97.9%, 93.4%), 0.23 mg/L (95.8%, 80.3%), and 16.3 mg/L (95.8%, 76.3%), respectively. Generally, ROC curves definite the upper reference limit of analytic methods based on the highest accuracy (minimal false-negative and false-positive results). This research aims to establish a fast screening method to reveal the early increase of urinary proteins, which requires a cutoff value with the highest sensitivity. In the current research, sensitivities of the 4 proteins were higher than 95%, indicating that the QCM immunosensor can be used as a screening method. Moreover, the sensitivity can be improved to 100% by slightly decreasing the reference value to be extremely careful to avoid missed diagnoses of early renal injury.
clinical sample detection and comparison
We used Bland-Altman difference plot analysis to evaluate the correlation of 2 diagnostic methods, QCM immunosensor array and INM, for clinical sample detection (Fig. 5) . A Bland-Altman difference plot analysis for MA showed a mean (SD) difference (QCM minus INM) of 0.68 (1.7) mg/L, and the interval for the limits of agreement (d Ϫ 1.96 S to d ϩ 1.96 S, Ϫ2.7 to 4.1 mg/L) was sufficiently narrow (see Table 4 in the online Data Supplement). Similarly, A1M, B2M, and IgG had narrow ranges of agreement limit, suggesting good consistency and clinical comparability between these 2 methods.
According to the criteria above, significant differences existed between the control and patient groups. Protein concentrations in the patient group were significantly higher than those of the control group (P Ͻ0.01): mean (SD) 29.3 (5.0) mg/L for the patient group vs 13.4 (4.6 mg/L) for the control group for MA, 22.8 (3.8) mg/L vs 9.0 (3.5) mg/L for A1M, 0.47 (0.14) mg/L vs 0.16 (0.07) mg/L for B2M, and 31.3 (9.6) mg/L vs 11.2 (4.1) mg/L for IgG. Although samples from a larger population are needed to verify the accuracy of this method, the significant differences between these 2 groups validated the clinical application of this method for renal injury diagnosis. It should be mentioned, however, that the specificity of IgG was only 76.3%, and the specificities of MA and B2M were also Ͻ85% (Fig. 4B) . Thus, a positive diagnosis of diabetes nephropathy should to be made on the basis of proteins concentrations in combination with other physical signs.
Quantification of urinary B2M has traditionally been problematic because of its instability in acidic conditions, especially at pH Ͻ5.5. This situation is complicated by the considerable variation of urinary pH during a 24-h period. To avoid degradation of B2M, we added a protease inhibitor cocktail and adjusted the pH to 7 after urine collection. Storage at Ϫ70°C also contributed to the conservation of B2M in the urine. Furthermore, for urinary protein detection, 24-h urine collection extraction is more accurate than spot urine collection, which is susceptible to unstable urine pH and transient proteinuria (30 ) .
In addition to high accuracy and sensitivity, the QCM immunosensor array also allows rapid detection and easy handling. Sample preparation without the need for centrifugation greatly shortens analysis time. The total analysis time, including detection well assembly, incubation, and real-time detection was within 15 min, which is much shorter than conventional methods such as RIA and INM. During QCM immunosensor analysis, assembling detection wells by mounting a new disposable crystal took only 1 min. Incubation took Ͻ4 min with a stable oscillation frequency in PBS, and then the real-time detection procedure could be completed in 10 min. The endpoint judgment time is based on our preliminary experiments. We had continuously recorded the frequencies of 30 individual samples for 20 min and found out that the FSs of all the samples become stable within 10 min (see Fig. 1 in the online Data Supplement).
The label-free technique, the principal feature of the QCM biosensor array, greatly simplifies reagent preparation procedures and eliminates safety concerns associated with radioactive materials. A label-free method also avoids some essential interference induced by the fluorescence scanning procedure. In summary, the label-free strategy not only guarantees the accuracy of the test, but also shortens the detection time and decreases the detection cost. Given that QCM immunosensor analyses are fairly rapid and relatively easy to operate, this approach lends itself particularly well to the rapid development of an analytical method and the analyses of large numbers of samples in clinical laboratories. More importantly, this method could provide convenient monitoring of the status of kidney function, especially in patients with a history of diabetes mellitus.
The rate of analysis, however, was essentially limited by instrumentation-only 2 samples were analyzed each time. Nevertheless, 4 urinary proteins could be simultaneously quantified within 15 min. The low cross-reactivity indicates that each detection well works independently, making it feasible to increase the rate of analysis to hundreds per hour by increasing the array format. At the same time, we are continuing our investigations of high integration and high throughput to explore wider applications. Given the ability to increase sample throughput, QCM immunosensor arrays will find increasing clinical applications.
In conclusion, the QCM immunosensor described in this study allows for simultaneous quantification of 4 nephropathy-related urinary proteins (MA, A1M, B2M, and IgG) with a method that is accurate, fast, label free, and easy to perform. 
